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The  perovskite  system  Lai_xSrxCri_yMy03_5  (M,  Mn,  Fe  and  V)  has  recently  attracted  much  attention 
as  a  candidate  material  for  the  fabrication  of  solid  oxide  fuel  cells  (SOFCs)  due  to  its  stability  in  both 
H2  and  CH4  atmospheres  at  temperatures  up  to  1000  °C.  In  this  paper,  we  report  the  synthesis  of 
Lao.75Sro.25Cro.5Mno.5O3  (LSCM)  by  solid-state  reaction  and  its  employment  as  an  alternative  anode  mate¬ 
rial  for  anode-supported  SOFCs.  Because  LSCM  shows  a  greatly  decreased  electronic  conductivity  in 
a  reducing  atmosphere  compared  to  that  in  air,  we  have  fabricated  Cu-LSCM-ScSZ  (scandia-stabilized 
zirconia)  composite  anodes  by  tape-casting  and  a  wet-impregnation  method.  Additionally,  a  compos¬ 
ite  structure  (support  anode,  functional  anode  and  electrolyte)  structure  with  a  layer  of  Cu-LSCM-YSZ 
(yttria-stabilized  zirconia)  on  the  supported  anode  surface  has  been  manufactured  by  tape-casting  and 
screen-printing.  Single  cells  with  these  two  kinds  of  anodes  have  been  fabricated,  and  their  performance 
characteristics  using  hydrogen  and  ethanol  have  been  measured.  In  the  operation  period,  no  obvious  car¬ 
bon  deposition  was  observed  when  these  cells  were  operated  on  ethanol.  These  results  demonstrate  the 
stability  of  LSCM  in  an  ethanol  atmosphere  and  its  potential  utilization  in  anode-supported  SOFCs. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC),  which  converts  the  chemical  energy 
of  gaseous  fuels  to  electricity  through  electrochemical  processes, 
is  considered  as  a  promising  clean  power  source  for  a  variety  of 
stationary  and  mobile  applications  [1,2].  An  obvious  advantage  of 
SOFCs  over  other  types  of  fuel  cells  is  that  they  can  directly  use 
hydrocarbon  fuels  without  external  reforming.  Because  ethanol  is 
regarded  as  a  renewable  and  green  fuel  [3],  the  efforts  of  our  group 
have  been  directed  towards  the  development  of  SOFCs  fed  with 
ethanol  as  a  fuel.  The  anode  materials  of  SOFCs  should  meet  several 
basic  requirements  such  as  high  electronic  conductivity,  excellent 
catalytic  properties  for  fuel  oxidation  reactions,  chemical  stability 
and  thermal  compatibility  with  other  cell  components  and  suffi¬ 
cient  porosity  in  a  high-temperature  reducing  environment  [4]. 

Although  the  commonly  used  Ni/YSZ  cermet  anodes  show  high 
electrochemical  activity  in  H2  oxidation  and  long-term  stability 
under  SOFC  operating  conditions,  they  give  rise  to  carbon  depo¬ 
sition  and  display  rapid  performance  degradation  while  using 
hydrocarbon  fuels  [2,5].  Therefore,  in  recent  years,  much  effort 
has  been  directed  towards  the  development  of  Ni-free  oxides  as 
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SOFC  anode  materials  such  as  ceria  [6,7],  titanate  and  lanthanum 
chromite-based  oxides  [8-10].  Among  them,  the  perovskite  sys¬ 
tem  Lai-xSrxGVyMyOs  (M,  Mn,  Fe  and  V)  has  recently  attracted 
much  attention  due  to  its  stability  in  both  H2  and  CH4  atmospheres 
at  temperatures  up  to  1000  °C.  LaCr03-based  oxides  display  a  low 
tendency  for  carbon  formation,  and  Ca  and  Sr  substitution  at  the 
A-site,  or  Mn,  Fe  and  Ni  substitution  at  the  B-site  improve  the  cat¬ 
alytic  activity  for  methane  conversion  [11  ].  Recently,  Tao  and  Irvine 
[12]  reported  that  Lao.75Sro25Cro.5Mno.5O3  (LSCM)  achieved  a  level 
of  performance  comparable  to  that  of  Ni/YSZ  in  both  hydrogen 
and  methane.  However,  due  to  the  low  electronic  conductivity  of 
LSCM  in  reducing  atmospheres,  the  ensuing  researches  have  been 
focused  on  electrolyte-supported  single  cells  [13-15]  and  cathode- 
supported  single  cells  [16,17]. 

In  this  paper,  we  describe  the  synthesis  of  La0.75Sr0.25 
Cro.5Mno.5O3  by  solid-state  reaction  methods  and  its  employment 
in  fabrication  of  two  anode-supported  single  cells  by  different  tech¬ 
niques.  The  first  cell,  with  a  Cu-LSCM-ScSZ  anode,  was  fabricated 
by  tape-casting  and  a  wet-impregnation  method.  Within  the  anode 
of  this  cell,  the  ionic  conducting  phase  ScSZ  increases  the  number 
of  reaction  sites,  while  the  impregnated  copper  increases  elec¬ 
tronic  conductivity  of  the  anode.  The  second  cell  has  a  Cu-LSCM-YSZ 
layer  screen-printed  on  the  supported  anode,  which  is  one  of  the 
three  layers  (anode  support  layer,  anode  functional  layer,  and  elec¬ 
trolyte)  of  the  composite  membrane  typically  used  by  our  group. 
The  power  densities  of  this  cell  reached  584  and  384  mW  cm-2  at 
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800  °C  in  hydrogen  and  ethanol  steam,  respectively.  In  particular, 
this  anode  structure  showed  very  good  stability  over  a  discharging 
period  of  120  h  in  ethanol  atmosphere,  with  stable  power  density 
of  300mWcnrr2.  All  of  these  results  indicate  the  potential  utility 
of  Lao.75Sro.25Cro.5Mno.5O3  in  anode-supported  SOFCs  running  on 
hydrocarbon  fuels. 

2.  Experimental 

2.1.  Sample  preparation  and  characterization 

The  anode  material  Lao.75Sro.25Cro.5Mno.5O3  was  synthesized 
from  La203  (98.4%),  SrC03  (99.8%),  Cr203  (98.5%)  and  MnC03 
(93.9%)  by  solid-state  reaction.  All  of  these  oxides  and  carbonates 
used  in  the  synthesis  were  supplied  by  Shanghai  Chem.  Ltd.,  China. 
The  powders  were  mixed  in  stoichiometric  proportions  and  ball- 
milled  with  de-ionized  water  for  3  h.  The  dried  mixture  was  then 
pre-heated  at  1000  °C  for  5  h  to  decompose  the  carbonate,  and  then 
the  powders  were  pressed  into  pellets  and  sintered  at  1450  °C  for 
15  h  in  air.  After  smashing,  ball-milling,  and  sifting,  LSCM  powder 
was  finally  obtained. 

Portions  of  LSCM  and  ScSZ  (99.99%  pure;  Daiichi  Kigenso,  Japan) 
powders  were  mixed,  co-fired  in  air  at  1450  °C  for  3h,  and  then 
characterized  by  XRD  analysis  to  ensure  their  chemical  compati¬ 
bility.  The  phases  of  LSCM  and  ScSZ  powders  were  identified  by 
means  of  a  Rigaku  XRD  diffractometer  at  room  temperature,  using 
monochromatic  Cu  Ka  radiation.  To  measure  the  thermal  expan¬ 
sion  coefficients  (TECs)  of  LSCM  and  SSZ,  the  respective  powders 
were  pressed  into  cylinder  samples  with  a  diameter  of  5  mm  and 
a  length  of  16  mm,  respectively.  After  sintering  at  1450  °C  for  3h, 
the  TECs  of  these  samples  were  measured  by  means  of  a  NETZSCH 
DIL  402PC  dilatometer.  The  measurement  was  carried  out  over  the 
temperature  range  from  20  to  1300  °C  at  heating  rate  of  5  K  min-1 . 

2.2.  Preparation  of  Cu-Lao.75Sr025Cro.5Mno.503-ScSZ  composite 
anodes 

Porous  LSCM-ScSZ  matrix  was  prepared  by  tape-casting  of  a 
slurry  containing  LSCM,  ScSZ  and  10  wt%  ammonium  oxalate  (99.8% 
pure,  Shanghai  Chem.  Ltd.,  China.)  as  a  pore  former.  The  solvent  sys¬ 
tem  used  in  this  paper  was  the  azeotropic  mixture  of  butanone  and 
ethanol.  Triethanolamine,  poly-vinyl-butyral  (PVB)  and  a  mixture 
of  polyethylene  glycol  (PEG  200)  and  dibutyl-o-phthalate  (DOP) 
were  used  as  dispersant,  binder,  and  plasticizer,  respectively.  The 
green  tapes  were  subsequently  sintered  at  1450  °C  for  3h.  The 
LSCM-ScSZ/ScSZ  dual-layer  membrane  was  fabricated  by  two-fold 
tape-casting  and  co-sintering  processes. 

The  obtained  porous  LSCM-ScSZ  matrix  was  impregnated  with 
an  aqueous  solution  of  Cu(N03)2-3H20  and  then  calcinated  at 
450  °C  to  form  oxides.  After  typically  five  successive  impregnation 
steps,  the  final  composition  of  the  anode  used  in  this  work  was 
10wt%Cu/45  wt%LSCM/45  wt%ScSZ,  which  was  calculated  by  the 
weight  change  of  the  porous  LSCM-ScSZ  matrix  before  and  after 
the  wet-impregnation  treatment. 

2.3.  Preparation  of  a  three-layer  anode  structure 

The  anode-supported  electrolyte  membrane  composed  of  NiO- 
YSZ  supported  anode  layer  and  NiO-ScSZ  anode  functional  layer  and 
ScSZ  electrolyte  was  fabricated  by  multi-layer  tape-casting  and  co¬ 
sintering,  as  has  been  typically  employed  by  our  group.  Details  of 
its  manufacture  can  be  found  elsewhere  [18]. 

Copper  oxides,  LSCM,  and  8YSZ  (Tosoh  Co.)  powders  in  the  mass 
ratio  of  3:3. 5:3.5  were  mixed  in  a  planetary  mill  with  ethanol  as 
solvent  for  1  h  to  ensure  random  distribution  of  each  phase.  The 
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Fig.  1.  XRD  patterns  of  Lao.75Sro.25Cro.5Mno.5O3  (LSCM)  powders  pre-heated  at 
1000 °C  for  5  h  and  sintered  at  1450  °C  for  15  h,  respectively. 


dried  mixture  was  ground  with  terpineol-based  slurry  in  anagate 
mortar  to  prepare  a  paste,  which  was  then  screen-printed  onto  the 
Ni-YSZ-supported  anode  surface  and  sintered  at  1100  °C  for  3  h  to 
form  the  surface  anode  layer. 

2.4.  Cell  fabrication  and  testing 

The  cathode  material  used  in  this  work  was  (Pr0.7Ca0.3)o.9Mn03 
(PCM),  which  was  provided  by  co-workers  from  our  group.  A  PCM 
cathode,  of  area  1.33  cm2,  was  screen-printed  onto  a  section  of  the 
ScSZ  electrolyte  surface  of  diameter  25  mm,  which  was  cut  from 
the  composite  membrane  mentioned  in  sections  2.2  and  2.3.  The 
cathode  was  sintered  in  air  at  1200  °C  for  3  h.  The  microstructure 
and  morphology  of  the  cell  structure  were  examined  by  scanning 
electron  microscopy  (SEM,  JXA-8100,  JEOL  Co.  Ltd.,  Japan). 

SOFC  tests  were  carried  out  in  a  single  cell  test  set-up,  which  has 
been  illustrated  in  our  previous  publications  [19,20].  A  glass  ring 
was  attached  to  the  electrolyte  side  of  the  cell  to  prevent  the  oxygen 
leakage.  Pt  meshes  and  Au  lead  wires  as  the  current  collector  were 
attached  to  the  electrode  surface  using  a  Pt  paste,  and  a  four-probe 
configuration  was  adopted  in  the  electrochemistry  tests.  All  the 
anodes  were  evaluated  by  the  same  testing  procedure.  The  anodes 
were  fully  reduced  in  an  H2  atmosphere  at  800  °C  for  several  hours 
prior  to  cell  testing,  and  then  the  requisite  measurements  were 
made  at  temperatures  of  750,  800  and  850  °C. 

Hydrogen  or  gasified  ethanol/water  mixture  (with  volume  ratio 
2:1)  was  used  as  the  fuel  and  oxygen  was  used  as  the  oxidant. 
The  fuel  and  oxidant  flow  rates  were  both  set  at  25mLmin-1, 
and  the  liquid  fuel  was  vaporized  in  a  water  bath  (70  °C)  and 
then  passed  over  the  anode  surface  by  a  flow  of  nitrogen.  The 
current-voltage  curves  and  electrochemical  impedance  spectra 
(EIS)  were  obtained  using  an  Electrochemical  Workstation  (IM6e, 
ZAHNER).  The  impedance  spectra  of  the  cells  were  recorded  at  open 
circuit  voltage  (OCV)  over  the  frequency  range  from  100  mHz  to 
8  mHz  with  an  excitation  potential  of  20  mV. 

3.  Results  and  discussion 

3.1.  LSCM  characterization 

3.1.1.  The  phase  and  stability 

Fig.  1  shows  the  X-ray  diffraction  (XRD)  patterns  of  LSCM 
powder  pre-heated  at  1000  °C  and  sintered  at  1450  °C,  which 
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Fig.  2.  XRD  patterns  of  Lao.75Sro.25Cro.5Mno.5O3  (LSCM)  powder  sintered  at  1450 °C 
and  of  an  LSCM-ScSZ  mixture  (1:1,  w/w)  co-fired  at  1450  °C. 

indicated  the  formation  of  the  perovskite  phase  of  the 
Lao.75Sro.25Cro.5Mno.5O3  powder.  Room  temperature  XRD  pat¬ 
terns  of  LSCM  and  co-fired  LSCM-ScSZ  powders  are  shown  in 
Fig.  2,  in  which  no  apparent  new  phase  was  observed.  This  also 
proves  the  chemical  compatibility  of  LSCM  with  ScSZ  up  to  at  least 
1450  °C. 

3.1.2.  Thermal  expansion  behavior 

The  thermal  expansion  behaviors  of  LSCM,  LSCM-ScSZ,  and  ScSZ 
are  shown  in  Fig.  3.  The  average  linear  thermal  expansion  coef¬ 
ficient  (TEC)  of  LSCM  in  the  temperature  range  of  25-900  °C  is 
11.8  x  10-6  K_1 ,  which  is  somewhat  higher  than  the  11.4  x  10-6  K-1 
reported  by  Jiang  et  al.  [21  ]  and  the  9.3  x  10-6 I<-1  reported  by  Tao 
and  Irvine  [  1 2  ]  for  the  same  materials.  Furthermore,  the  average  TEC 
of  LSCM-ScSZ  and  ScSZ  between  25  and  900  °C  are  11.5  x  10-6  K-1 
and  10.6  x  10-6  K-1,  respectively.  TEC  matching  of  the  two  phases 
was  achieved,  which  makes  it  possible  to  fabricate  an  LSCM- 
ScSZ/ScSZ  structure  by  tape-casting  and  co-sintering.  The  large 
area  anode-supported  electrolyte  film  is  very  important  for  the 
manufacture  of  planar  SOFCS  with  potential  for  practical  utiliza¬ 
tion. 


Fig.  3.  Thermal  expansion  of  LSCM,  LSCM-ScSZ,  and  ScSZ  at  high  temperatures  in 
air. 


Fig.  4.  SEM  images  of  a  Cu-LSCM-ScSZ/ScSZ/PCM  single  cell  showing  three  layers 
(a)  and  the  anode  matrix  after  operation  in  ethanol  (b). 


3.2.  Cu-LSCM-ScSZ/ScSZ/PCM  single  cell 

3.2.1.  SEM  characterization 

Fig.  4.  shows  the  cross-sectional  SEM  images  of  the  Cu-LSCM- 
ScSZ/ScSZ/PCM  single  cell  (a)  and  the  anode  matrix  after  operation 
(b).  As  can  be  seen  in  Fig.  4(a),  both  a  porous  anode  and  a  dense 
electrolyte  were  obtained  by  tape-casting  and  co-sintering  process, 
and  the  two  layers  have  good  contact  without  obvious  segregation 
seen  at  the  interface.  A  tight  junction  can  also  be  seen  at  the  inter¬ 
face  between  the  electrolyte  and  the  cathode  layer.  The  three  layers 
(anode,  electrolyte  and  cathode)  have  thicknesses  of  about  600, 
20,  and  30  p,m,  respectively.  Meanwhile,  it  can  be  seen  in  Fig.  4(b) 
that  copper  particles  had  been  homogeneously  impregnated  into 
the  LSCM-ScSZ  matrix,  without  deposition  of  carbon  in  the  anode. 
However,  the  LSCM  obtained  by  solid-state  reaction  showed  coarse 
particle  size  and  sintered  with  ScSZ  particles.  The  catalytic  activity 
of  the  LSCM  towards  ethanol  conversion  was  thus  retarded  and  the 
length  of  three-phase  boundary  (TPB)  was  decreased. 

3.2.2.  Single  cell  performance 

Fig.  5  presents  the  curves  of  voltage  and  power  density  vs.  cur¬ 
rent  density  for  a  single  cell  with  a  Cu-LSCM-ScSZ  anode  while 
running  on  humidified  hydrogen  and  ethanol  stream.  It  can  be 
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Fig.  5.  Voltage  (open)  and  power  density  (closed)  vs.  current  density  for  the  Cu- 
LSCM-ScSZ/ScSZ/PCM  single  cell  in  hydrogen  and  ethanol  steam  at  800  and  850  °C, 
respectively. 

seen  in  Fig.  5  that  the  maximum  power  densities  in  hydrogen 
and  ethanol  steam  reached  139  and  84  mW  cm-2  at  800  °C  respec¬ 
tively,  while  the  corresponding  values  at  850  °C  were  158  and 
114  mW  cm-2.  The  open  circuit  voltage  (OCV)  of  the  cell  in  hydrogen 
and  ethanol  reached  approximately  1.1  and  1.05  V,  which  proves 
that  the  ScSZ  electrolyte  was  tightly  sintered  at  1450  °C.  How¬ 
ever,  the  cell  performance  was  lower  than  that  obtained  with  the 
electrolyte-supported  single  cell  employing  a  Cu-LSCM  anode  [13]. 
From  the  impedance  spectra  in  Fig.  6,  we  can  see  that  the  cell  per¬ 
formance  was  greatly  inhibited  by  the  high  ohmic  resistance,  which 
may  be  estimated  as  about  300  m£2  cm2  at  800  °C  from  the  real-axis 
intercept  at  high  frequency.  A  higher  copper  loading  is  probably 
required  to  improve  the  anode  conductivity.  The  polarization  resis¬ 
tance  of  the  cell  was  found  to  be  approximately  1.8  and  2.5  £2  cm2  in 
hydrogen  and  ethanol  atmospheres,  respectively.  In  the  impedance 
spectra  of  the  cell,  we  found  that  when  the  fuel  was  changed,  the 
high-frequency  arc  almost  remained  almost  unchanged,  while  the 
low-frequency  arc  increased  significantly.  The  low-frequency  arc  is 
probably  related  to  the  anode  polarization  and  thus  accounts  for  a 
major  part  of  the  total  polarization  resistance.  Thus,  the  porosity 
of  the  anode  and  the  particle  size  of  LSCM  might  be  optimized  to 
increase  the  anode  performance. 


Fig.  6.  Impedance  spectra  for  cell  1  (Cu-LSCM-ScSZ/ScSZ/PCM)  and  cell  2  (Cu-LSCM- 
YSZ/Ni-YSZ/Ni-  ScSZ/ScSZ/PCM)  while  running  on  hydrogen  and  ethanol  steam  at 
800  °C. 


Fig.  7.  Power  density  at  0.6  V  as  a  function  of  time  for  the  Cu-LSCM-ScSZ/ScSZ/PCM 
single  cell  in  hydrogen  and  ethanol  steam  at  800  °C. 

As  shown  in  Fig.  7,  the  stability  of  the  Cu-LSCM-ScSZ  composite 
anode  in  hydrogen  and  ethanol  steam  was  evaluated  by  discharging 
it  at  0.6  V  over  a  period  of  12  h.  Considering  the  thermal  stability  of 
copper,  the  operating  temperature  was  set  at  800  °C.  With  hydro¬ 
gen,  the  power  density  increased  from  120  to  about  135  mW  cm-2 
during  the  first  4  h  of  electrode  activation,  and  in  the  remaining 
8  h  the  cell  performance  was  rather  stable.  In  the  process  of  elec¬ 
trode  activation,  the  fuel  gradually  covers  the  surface  of  the  reaction 
sites,  and  it  has  also  been  reported  that  the  conductivity  of  the  LSCM 
material  increases  with  increasing  oxygen  pressure,  which  was  gen¬ 
erated  owing  to  the  production  of  water  in  the  anode  [12,15].  In 
case  of  the  ethanol  fuel,  the  activation  process  was  extended  to  8  h, 
which  is  probably  due  to  the  greater  mass  and  slower  gas-phase  dif¬ 
fusion  of  ethanol  molecules.  After  the  cell  had  been  fully  activated,  a 
stable  power  density  of  around  75  mW  cm-2  was  achieved.  No  car¬ 
bon  formation  was  seen  on  the  anode  surface  after  experiments, 
which  was  further  verified  by  the  SEM  images  in  Fig.  4(b).  As  dis¬ 
cussed  above,  the  Cu-LSCM-ScSZ  anode  showed  its  good  stability, 
even  though  its  performance  was  poor. 

3.3.  Cu-LSCM-YSZ/Ni-YSZ/N i-ScSZ/ScSZ/PCM  single  cell 

3.3.1.  SEM  characterization 

SEM  photographs  of  a  Cu-LSCM-YSZ/Ni-YSZ/Ni-  ScSZ/ScSZ/PCM 
single  cell  are  shown  in  Fig.  8.  The  cell  shown  in  Fig.  8(a)  consisted 
of  five  layers,  ( 1 )  a  porous  PCM  cathode,  (2)  a  dense  ScSZ  electrolyte, 
(3)  a  Ni-ScSZ  anode  functional  layer,  (4)  a  porous  Ni/YSZ-supported 
anode  and  (5)  a  porous  Cu-LSCM-YSZ  surface  anode  layer.  The 
thicknesses  of  these  layers  are  about  20,  20,  20,  500,  and  20  p,m, 
respectively.  The  supported  anode  has  high  porosity  but  not  a 
very  uniform  pore  size,  and  the  surface  anode  layer  shows  a  good 
microstructure.  As  illustrated  in  Fig.  8(b),  the  layers  are  in  good 
contact  with  each  other;  in  particular,  the  supported  anode  layer 
adheres  well  to  the  surface  anode  layer. 

3.3.2.  Single  cell  performance 

Fig.  9  presents  the  curves  of  voltage  and  power  density  vs.  cur¬ 
rent  density  of  a  single  cell  with  a  Cu-LSCM-YSZ  anode  surface  layer, 
which  was  fed  with  humidified  hydrogen  and  ethanol  stream  at  800 
and  750  °C.  From  Fig.  9,  it  can  be  seen  that  the  maximum  power  den¬ 
sities  in  hydrogen  and  ethanol  steam  were  534  and  384  mW  cm-2, 
respectively,  at  800  °C,  while  the  corresponding  values  were  366 
and  231mWcm-2  at  750  °C.  The  cell  performance  is  improved 
markedly  than  that  of  the  first  single  cell  mentioned  above,  and 
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Fig.  8.  SEM  photographs  of  the  Cu-LSCM-YSZ/Ni-YSZ/Ni-ScSZ/ScSZ/PCM  single  cell 
containing  five  layers  (a)  and  the  interface  between  the  surface  anode  layer  and  the 
supported  anode  layer  after  140  h  of  operation  (b). 
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Current  density  /  mA  cm  2 

Fig.  9.  Voltage  (open)  and  power  density  (closed)  vs.  current  density  for  the  Cu- 
LSCM-YSZ/Ni-YSZ/Ni-ScSZ/ScSZ/PCM  single  cell  in  hydrogen  and  ethanol  steam  at 
750  and  800  °C. 


Fig.  10.  Power  density  at  0.7  V  as  a  function  of  time  for  the  Cu-LSCM-YSZ/Ni-YSZ/Ni- 
ScSZ/ScSZ/PCM  single  cell  in  hydrogen  and  ethanol  steam  at  800  °C. 


while  discharging  at  700  mAcnrr2,  the  utilization  factor  for  H2  and 
02  is  about  26  and  13%  by  calculation,  respectively.  As  seen  in  Fig.  6, 
the  ohmic  resistance  of  120  m£2  cm2  is  much  lower  than  that  of  the 
first  single  cell,  not  only  because  of  the  higher  copper  loading  in 
the  Cu-LSCM-YSZ  layer,  but  also  because  the  surface  layer  is  so  thin 
that  the  Ni-YSZ  anode  is  to  a  large  extent  responsible  for  the  overall 
conductivity  of  the  anode.  In  contrast  to  the  previous  spectrum,  the 
impedance  spectrum  is  composed  of  three  arcs.  Moreover,  we  also 
found  that  when  the  fuel  was  changed,  the  first  and  second  arcs 
almost  remained  almost  unchanged,  while  the  low-frequency  arc 
increased  significantly.  Because  more  layers  are  sintered  within  this 
cell,  especially  the  three  layers  that  constitute  the  anode,  the  gas 
diffusion  processes  for  ethanol  and  the  possible  steam  reforming 
product  are  assumed  to  be  more  hampered. 

The  discharge  characteristics  at  0.7  V  in  hydrogen  and  ethanol 
steam  at  800  °C  are  presented  in  Fig.  10.  While  operating  on  hydro¬ 
gen,  the  cell  performance  initially  improved  gradually  from  350  to 
440  mW cm-2.  When  the  single  cell  performed  in  an  almost  stable 
manner,  the  fuel  was  switched  to  ethanol  steam.  After  an  anode 
activation  process  of  about  4  h,  the  single  cell  performance  kept 
constant  at  around  300mWcnrr2  without  any  degradation  over 
a  period  of  120  h.  Although  the  tendency  for  carbon  deposition 
increased  with  distance  from  the  electrolyte,  the  high  catalytic  of 
Cu-LSCM-YSZ  over  ethanol  conversion  might  inhibit  ethanol  pyrol¬ 
ysis.  Therefore,  the  anode  structure  can  reach  a  stable  performance 
output  in  ethanol  fuel  in  spite  of  the  presence  of  nickel.  It  is  still  not 
clear  whether  the  ethanol  fuel  is  first  internally  reformed  or  is  oxi¬ 
dized  directly.  In  future  work,  we  will  employ  mass  spectroscopy 
and  gas  chromatography  to  measure  the  concentration  of  ethanol 
in  the  fuel  stream  and  the  composition  of  the  anode  exhaust  gas  in 
order  to  analyze  the  reaction  mechanism. 

During  the  period  of  operation,  the  impedance  spectra  of  this 
cell  at  open  circuit  voltage  were  also  recorded  at  time  intervals  of 
40  h  to  get  more  information  of  this  anode  structure;  these  spec¬ 
tra  are  shown  in  Fig.  11.  It  may  be  noted  that  ohmic  resistance 
remained  unchanged  over  the  whole  time,  indicating  interface  sta¬ 
bility  of  the  anode  structure.  Meanwhile,  the  polarization  resistance 
gradually  decreased  with  operation  time  probably  due  to  sufficient 
diffusion  and  ethanol  conversion  at  the  TPBs.  These  results  also 
indicated  the  stability  of  the  anode  structure,  since  the  polarization 
resistance  increased  when  the  carbon  deposition  happened  in  the 
anode  [22].  After  120  h  of  operation,  the  Cu-LSCM-YSZ  surface  layer 
and  the  supported  anode  were  still  very  well  connected.  Neither 
delamination  nor  leakage  was  discerned  in  Fig.  8(b).  Fur- 


X.-F.  Ye  et  al.  /  Journal  of  Power  Sources  183  (2008)  512-517 


517 


Fig.  11.  Impedance  spectra  for  the  Cu-LSCM-YSZ/Ni-YSZ/Ni-ScSZ/ScSZ/PCM  single 
cell  as  a  function  of  operation  time  running  on  ethanol  steam  at  800  °C. 


thermore,  there  was  no  carbon  formation  seen  in  the  anode 
matrix. 

4.  Conclusions 

We  have  synthesized  Lao.75Sro.25Cro.5Mno.5O3  by  solid-state 
reaction  methods  and  have  employed  it  in  the  fabrication  of  two 
anode-supported  SOFCs  by  different  techniques.  The  first  cell  with 
a  Cu-LSCM-ScSZ  anode  was  fabricated  by  wet  tape-casting  and 
a  wet-impregnation  method.  Within  the  anode  of  this  cell,  the 
ionic  conducting  phase  ScSZ  increases  the  number  of  reaction  sites, 
and  the  impregnated  copper  increases  the  electronic  conductivity 
of  the  anode.  Due  to  the  low  conductivity  of  LSCM  in  a  reduc¬ 
ing  atmosphere  and  its  coarse  particle  size,  this  first  cell  behaved 
poorly  albeit  with  good  stability  in  both  hydrogen  and  ethanol 
atmospheres.  The  second  cell  has  a  Cu-LSCM-YSZ  layer  screen- 
printed  on  the  surface  of  the  supported  anode,  which  is  one  of  the 
three  layers  (anode  support  layer,  anode  functional  layer  and  elec¬ 
trolyte)  of  the  composite  membrane  typically  used  by  our  group. 
The  power  densities  of  this  cell  reached  584  and  384mWcm-2  at 
800  °C  in  hydrogen  and  ethanol  steam,  respectively.  In  particular, 
this  anode  structure  showed  very  good  stability  over  a  discharging 


period  of  120  h  in  ethanol  atmosphere  with  a  stable  power  density 
of  300mWcnrr2.  Thus,  it  may  be  supposed  that  a  Cu-LSCM-YSZ 
composite  anode  surface  layer  is  effective  in  suppressing  carbon 
deposition.  From  the  point  of  view  of  the  performance  and  manu¬ 
facturing  costs,  the  second  cell  is  suggestive  of  a  more  promising 
technique.  All  of  these  results  indicate  the  potential  utilization  of 
Lao.75Sro.25Cro.5Mno.5O3  materials  in  anode-supported  structures 
of  SOFCs  fed  with  ethanol  fuels,  and  that  the  cell  performance  may 
be  improved  if  LSCM  powders  with  fine  particle  size  are  applied. 
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